Introduction {#Sec1}
============

Nitriles, organic compounds containing (−CN) functional group, are widespread in the environment. Naturally occurring nitriles mainly comprise cyanoglycosides**,** cyanolipids and phenylacetonitrile (Marron et al. [@CR14]) that are produced as defensive metabolites in plants. In the chemical industry, nitriles are extensively used as feedstocks, solvents, polymers, pharmaceuticals, pesticides and drug intermediates. Nitriles are also important intermediates in the organic synthesis of amides, amines, carboxylic acids, esters and ketones (Gong et al. [@CR6]; Kobayashi and Shimizu [@CR12]). Bio- and chemo-catalyzed transformations of nitrile substrates lead to the formation of several industrially important amides and organic acids, such as acrylamide, nicotinamide, acrylic and mandelic acids, methacrylic acid (Xue et al. [@CR28]). The biocatalytic route is of particular interest because the nitrile-degrading enzymes like nitrilases, amidases and nitrile hydratases (−NHases) can convert diverse nitrile substrates into various amides and carboxylic acids under relatively moderate process conditions with excellent chemo-, regio- and stereoselectivities (Babu and Shilpi [@CR1]). Nitrilase-mediated biocatalysis has gained substantial attention for the development of sustainable green technologies for the production of selective and complex active ingredients in pharmaceuticals and agrochemicals. Nitrilases catalyse direct cleavage of nitriles to corresponding acids and ammonia (Gong et al. [@CR6]).

Since the first report on nitrilase appeared in 1960s, purification and characterization of nitrilases are being regularly published (Petříčková et al. [@CR20]; Vejvoda et al. [@CR26] Gupta et al. [@CR7]; Thuku et al. [@CR24]; O'Reilly and Turner [@CR19]). Bacteria have been extensively studied and exploited as source of nitrile hydrolysing enzymes, as compared to eukaryotic organisms (Gong et al. [@CR6]; Sharma et al. [@CR22]; Schreiner et al. [@CR21]; Vejvoda et al. [@CR26]; Martínková et al. [@CR15]; Shen et al. [@CR23]; Zhu et al. [@CR29]; Kaplan et al. [@CR10]; Banerjee et al. [@CR2]). Filamentous fungi are known to be the rich source of nitrile hydrolysing enzymes especially nitrilases, however, they have not been exploited extensively. Therefore, there is great need to explore them for nitrilase production in detail. The known fungal genera reported for nitrilase production include *Fusarium, Gibberella, Aspergillus, and Penicillium* etc. (Wu et al. [@CR27]; Gong et al. [@CR6]; Martínková et al. [@CR15]). As shown in Table [1](#Tab1){ref-type="table"}, *Aspergillus niger* K10 has been reported to produce nitrilase activity of 100U/L culture (Kaplan et al. [@CR10]), *Fusarium solani* IMI 196840 produced 1500U/L culture (Vejvoda et al. [@CR26]), *Fusarium solani* O1 has been reported to produce maximum nitrilase activity i.e. 3000U/L culture (2008). Recently, nitrilase from *Fusarium proliferatum* ZJB-09150 has been reported to produce 0.322U/mg DCW for 3-cyanopyridine hydrolysis (Jin et al. [@CR9]). This strain has nitrilase as well as nitrile hydratase activity and therefore has potential applications in organic acids/amide synthesis. However, specificity and selectivity of an enzyme is essential for the development of a successful biotransformation processes to reduce overall cost. Therefore, more selective strains such as *Fusarium solani* and *Fusarium oxysporum* with only nitrilase activity would be a preferred choice for such applications (Martínková et al. [@CR15]).Table 1**Some fungal strains reported for nitrilase production**Filamentous fungiNitrilase activity (U/l culture)SubstrateReference*Fusarium solani* IMI 1968401500BenzonitrilileVejvoda et al. [@CR26]*Fusarium solani* O1\>3000BenzonitrileVejvoda et al. [@CR25]*Fusarium oxysporium* CCF 1414119.7BenzonitrileKaplan et al. [@CR11]*Fusarium oxysporium* CCF 48317.6BenzonitrileKaplan et al. [@CR11]*Fusarium solani* f. sp. *melonis*160Benzonitrile;Martínková et al. [@CR15]*Gibberella intermedia* CA3-1na3-cyanopyridineWu et al. [@CR27]*Aspergillus niger* K10*100*BenzonitrileKaplan et al. [@CR10]*Penicillium multicolor* CCF 22449.3Benzonitrile;Martínková et al. [@CR15]*Fusarium proliferatum* ZJB09150na3-cyanopyridineJin et al. [@CR9]*Fusarium proliferatum* AUF-22000BenzonitrileCommunicated*Fusarium proliferatum* AUF-2\>4000Benzonitrile**Present work**

Keeping this in view, we screened out an efficient nitrilase producing fungal strain from *Fusarium proliferatum* (communicated). This strain has shown promising nitrilase activity with broad substrate specificity. This strain is a pure nitrilase producer i.e. produces only acids from corresponding nitriles with no amide formation as side product. Thus, this is more specific as compared to the previously reported nitrilase from *Fusarium proliferatum* (Jin et al. [@CR9])*.* Moreover, our strain *Fusarium proliferatum* AUF-2 represented second highest nitrilase activity (\>2000U/L culture) after *Fusarium solani* producing nitrilase activity of \>3000U/L culture (Vejvoda et al. [@CR25]). We, therefore, decided to optimize growth conditions and production medium to maximize nitrilase production.

Optimization of enzyme production through manipulation of suitable medim components by conventional methods is quite tedious, time consuming and costly process (Mason et al. [@CR16]). The concept of design of experiments (DOE) makes the optimization easy, helps in building the models, evaluating the effect of several factors, achieving the optimum conditions for desirable responses and also reduced the number of experiments to large extent (Montgomery [@CR17]). Analysis of variance (ANOVA) provides the statistical results and diagnostic checking tests which enables researchers to evaluate adequacy of the models (Ghafari et al. [@CR5]). RSM is a collection of mathematical and statistical method which helps in studying the effects of various parameters at a single time, is faster to implement, time saving and cost effective (Montgomery [@CR17]; Layh et al. [@CR13]). Various studies have recently been reported on optimization of nitrilase production in bacterial strains using RSM (Dubey et al. [@CR3]; Shen et al. [@CR23]). However, to the best of our knowledge, optimization of nitrilase production from fungal strains using RSM has not been reported.

In the present study, we have studied nitrilase production in this strain by medium optimization through RSM. Three independent variables chosen for the study were the carbon source (glucose), nitrogen source (sodium nitrate) & inducer (ϵ-caprolactam) and the response value for nitrilase activity was chosen as the dependent variable.

Materials and methods {#Sec2}
=====================

Strain and growth conditions {#Sec3}
----------------------------

Nitrilase producing *Fusarium proliferatum*, strain AUF-2 (NCBI Accession no. JX840861) was isolated from the soil sample of Shivalik region, India and was maintained on a modified Czapek-Dox agar medium. Medium composition in g/l was: sucrose 30, NaNO~3~ 3.0, K~2~HPO~4~ 1.0, MgSO~4~·7H~2~O 0.5, KCl 0.5, FeSO~4~·7H~2~O 0.01, CoCl~2~·6H~2~O 0.001, ZnSO~4~·7H~2~O 0.0067; pH 7.0 with 20 g/l agar. Constituents of the seed (without inducer) and production medium (with nitrile inducer; ϵ-caprolactam) were the same without agar. The seed medium was inoculated from a freshly cultured slant and incubated under shaking conditions in an orbital shaker at 200 rpm for 48 h at 28°C. 5% of the seed was transferred to production medium and was grown for 72 h under same conditions. Biomass was harvested by centrifugation at 15,000 × *g* for 15 min at 4°C. The cell pellet was washed twice with 0.1 M phosphate buffer (pH 8.0) for further use.

Nitrilase enzyme assay {#Sec4}
----------------------

Nitrilase activity of the fungal enzyme was assayed by measuring the production of ammonia during the hydrolysis of benzonitrile to benzoic acid. 10 mg of wet cell biomass was incubated in the presence of benzonitrile (30 mM) followed by estimation of amount of ammonia released by using the method of Fawcett & Scott ([@CR4]). One unit (U) of nitrilase is defined as the micromoles of ammonia released per min under standard assay conditions i.e. pH 8.0; 37°C by cell biomass. Enzyme activity of whole cells was calculated by the following formula:

Optimization for nitrilase activity by One-variable-at-a-time approach {#Sec5}
----------------------------------------------------------------------

The selection of medium components including carbon sources, nitrogen sources and inducers were investigated through the traditional 'one-variable- at-a-time' approach. Effect of various carbon sources, nitrogen sources and inducers were tested to evaluate their effect on nitrilase production, while other ingredients were kept unchanged (communicated). The concentrations of these factors for zero coded levels of variables in the subsequent optimization were confirmed by single parameter optimization studies.

Experimental design and optimization by RSM {#Sec6}
-------------------------------------------

Based on single parameter optimization studies carbon source (glucose), nitrogen source (sodium nitrate) and inducer (ϵ-caprolactam) were found to be the suitable medium components for optimum nitrilase production. RSM and CCD were used to optimize the response of these three variables by statistical software "Design Expert-8.0.7.1". The program generated twenty experiments (eight factorial, six axial and six central). The experiments were carried out in random order with six replicates at the central point to calculate the pure error of the model. The experimental results of CCD were fitted with a second-order polynomial equation as shown below:

where, Y is the nitrilase activity (U/g biomass); A is the coded value of glucose concentration; B is the coded value of sodium nitrate concentration and C is the coded value of ϵ-caprolactam concentration. a~0~ is a constant, a~1~, a~2~ and a~3~ were linear coefficients, a~11~, a~22~ and a~33~ were squared coefficients and a~12~, a~13~ & a~23~ were interaction coefficients. Response surface graphs were plotted to determine maximum nitrilase activity.

Results {#Sec7}
=======

Optimization of carbon source, nitrogen source and inducer concentration by one variable-at-a-time approach {#Sec8}
-----------------------------------------------------------------------------------------------------------

Our previous studies (communicated) reveal that three variables namely carbon source, nitrogen source and inducer are the most significant constituents responsible for nitrilase production. It was also found that our strain *Fusarium proliferatum* AUF-2 produces maximum nitrilase (26U/g biomass) with glucose as carbon source, sodium nitrate as nitrogen source and ϵ-caprolactam as inducer. We therefore, optimized the concentrations of these three independent variables using One-variable-at-a-time Approach. Optimization results revealed that 50 g/l glucose, 2.5 g/l sodium nitrate and 3.5 g/l ϵ-caprolactam would result in maximum nitrilase enzyme production (56.8 U/g). These values were therefore selected as the zero coded values of glucose, sodium nitrate and ϵ-caprolactam respectively (Table [2](#Tab2){ref-type="table"}) for further optimization using RSM.Table 2**Independent variables selected for experimental design**FactorsSymbolsCode levels−10+1Glucose (g/l)A405060Sodium nitrate (g/l)B2.02.53.0ϵ-Caprolactam (g/l)C2.53.54.5

Fit summary for model fitting and ANOVA {#Sec9}
---------------------------------------

The values of three variables i.e. glucose, sodium nitrate and ϵ-caprolactam with the actual and predicted nitrilase activity (U/g) in 20 random experimental runs are shown in Table [3](#Tab3){ref-type="table"}. The second order polynomial model was used to correlate the independent variables with nitrilase activity. The best candidate to fit the data was the quadratic model after fit summary comparison (*p*\<0.0001).Table 3**Central composite design matrix for the experimental and predicted results in the production of nitrilase**RunGlucose (g/l)Sodium nitrate (g/l)ϵ-caprolactam (g/l)Predicted activity(U/g)Actual activity(U/g)150.001.663.5048.6548 ±2.06250.002.501.8232.0330 ±2.24366.822.503.5054.2050 ±1.35450.002.503.5058.1459 ±1.24533.182.503.5051.5749 ±2.35640.003.004.5042.8844 ±1.32740.003.002.5044.7745 ±1.23850.003.343.5046.1246 ±1.42960.003.002.5044.3345 ±1.341050.002.503.5058.1456 ±2.331140.002.002.5038.2741 ±2.311250.002.505.1834.7430 ±3.241360.002.002.5044.3348 ±2.521450.002.503.5058.1455 ±3.261540.002.004.5045.8850 ±3.941650.002.503.5058.1462 ±2.631760.002.004.5049.4454 ±2.451850.002.503.5058.1460 ±1.381960.003.004.5039.9442 ±1.332050.002.503.5058.1458 ±1.23

As shown in Table [4](#Tab4){ref-type="table"}, the quadratic model was found to be the best fit model using sum of square analysis which compares the ratio of mean square regression to the mean square residuals. A low value (7.35%) of the coefficient of variance (CV) indicates a very high degree of precision and good reliability of experimental values. Both the R^2^ value (0.91) and the adjusted R^2^ value (0.83) were high in this model indicating the fit of model. Adequate Precision for our model has a signal-to-noise ratio of 10.584 which indicates an adequate signal.Table 4**Model fitting values**Model termsValuesCV (%)^a^7.35R^2\ b^0.91Adjusted R^2\ c^0.83Adequate precision ^d^10.58Standard deviation3.57^a^ CV (%): coefficient of variance, is the standard deviation which is expressed as a percentage of the mean.^b^ R^2^: is the measure of variation around the mean explained by the model.^c^ Adjusted R^2^: is the measure of variation around the mean explained by the model, adjusted for the number of terms in the model. The adjusted R^2^ decreases as the number of terms in the model increases provided those additional terms do not add value to the model.^d^ Adequate precision: compares the range of predicted value at the design points to the average prediction error.

Table [5](#Tab5){ref-type="table"} shows the ANOVA of the best fitted quadratic model. It has three factors having nine significant variances (A, B, C, AB, AC, BC, A^2^, B^2^ and C^2^). Each variance has been evaluated by ANOVA. The Model F-value of 11.79 implies that the model is significant. There is only a 0.03% chance that a "Model F-Value" could occur due to noise. The ANOVA table shows only the significant variances i.e. B (nitrogen source, NaNO~3~), C (inducer, ϵ-caprolactam), B^2^ (quadratic terms of NaNO~3~, p value of 0.0103) and C^2^(quadratic terms of ϵ-caprolactam, p value of \<0.0001).Table 5**Analysis of variance (ANOVA) for response surface quadratic model**SourceSum of squaresdfMean squareF-valueP-value prob \> FModel1355.149150.5711.790.0003Lack of fit94.33518.872.830.1391B- Sodium nitrate30.36130.362.380.1540C- Caprolactam8.8618.860.690.4242B^2^126.671126.679.920.0103C^2^1160.8611160.8690.93\<0.0001Pure error33.3356.67Cor total1482.8019

The perturbation plot (Figure [1](#Fig1){ref-type="fig"}) compared the effect of all the factors at a particular point in the design space. A perturbation plot at the centre point (glucose 53.22 g/l, sodium nitrate 2.31 g/l, caprolactam 3.58 g/l) was obtained to show the relative effect of the three chosen variables as 'one factor at a time' on nitrilase production. The perturbation plot indicated that inducer (C) has the most influential effect (steepest slope) on nitrilase production followed by nitrogen source (B), whereas, carbon source (A) has the least effect on nitrilase production.Figure 1**Perturbation Plot, A (glucose), B (sodium nitrate) and C (ϵ-caprolactam).**

Final equation and model graphs {#Sec10}
-------------------------------

The values of regression coefficients were calculated and the experimental results of CCD were fitted with second order polynomial equation. The predicted values of nitrilase production (Y) for 20 independent experiments were calculated by the following equation with actual values of glucose (A), sodium nitrate(B), and ϵ-caprolactam(C).

Based on the above equation, predicted value of nitrilase activity at any variable concentration can be calculated. Figure [2](#Fig2){ref-type="fig"} represents three dimensional surface plots showing the combined effect of two independent variables for nitrilase production, while the third variable was kept at zero coded value.Figure 2**Three dimensional contour plots showing the effect of different variables on the nitrilase production by*Fusarium proliferatum*.**

Optimization and validation {#Sec11}
---------------------------

Based on the model, optimum medium composition was obtained at 53.22 g/l glucose, 2.31 g/l sodium nitrate and 3.58 g/l ϵ-caprolactam concentration resulting in predicted nitrilase activity of 59.0 U/g biomass. Validation of the predicted results was done under optimized conditions in three independent experiments. Figure [3](#Fig3){ref-type="fig"} shows the average of results obtained in these experiments. It can be seen that the experimental nitrilase activity of 58.3 U/g was obtained which correlated to the predicted activity (59.0 U/g) confirming the rationality of the model. This is 2.24 fold higher than that obtained before optimization (26.0 U/g). Thus, overall 2.24 fold increase in nitrilase activity was observed after optimization using RSM. Comparison of fungal strains reported in literature for nitrilase production has been shown in Table [1](#Tab1){ref-type="table"}. Present work resulted in an overall production of nitrilase (\>4000 U/l culture) as compared to the yield of (\>2000 U/l culture) obtained before optimization.Figure 3**The growth curve of*Fusarium proliferatum*and nitrilase activity (U/g biomass) after RSM optimization.**

Discussion {#Sec12}
==========

Enzymatic conversion of nitrile to corresponding acids has been one of the most interesting biotransformations during the past few years, although nitrilase catalysed reactions are still unexplored. Therefore, nitrilase production through medium optimization by fast and effective experimental design is essential. It has been reported that growth and enzyme production can be enhanced to several folds by a statistics based experimental design. Medium selection and its components during fermentation at shake flask level has shown remarkable enhancement in the activity of various enzymes (Montgomery [@CR17]; Myers et al. [@CR18]; Layh et al. [@CR13]). Statistical experimental design viz. multivariate designs, allows multiple control variables, is faster to implement and cost effective as compared to traditional univariate approach. As far as nitrilases are concerned, enhancement of nitrilase production using RSM has been studied with only bacterial source (Dubey et al. [@CR3]; Shen et al. [@CR23]) and fungi have not been studied in this context.

It has been shown that there are only three main factors namely carbon source, nitrogen source and inducer which can affect nitrilase activity (Gong et al. [@CR6]). In order to enhance the enzyme production by design of experiments, we chose three important medium components viz. glucose (carbon source), sodium nitrate (nitrogen source) and ϵ-caprolactam (inducer). Thus, during the present study, we have optimised these three medium components in order to achieve maximum nitrilase production from *Fusarium proliferatum* AUF-2*.* In order to understand the effect of these three independent variables, Perturbation plot was generated from one factor at a time experiments (Figure [1](#Fig1){ref-type="fig"}). The x-axis shows a deviation of the factor values from the reference point as actual value and y-axis shows nitrilase activity (U/g). Steepest curvature in case of variable C (inducer) depicts that the response (nitrilase activity) is sensitive to inducer concentration. The trend of the perturbation plot was in agreement with the previous observations by Dubey et al. ([@CR3]) and Shen et. al. ([@CR23]). The results indicate that inducer is the most significant variable, whereas carbon source is the least significant variable for nitrilase production. These results are in agreement with the previous work showing that nitrogen source and inducer have direct relation with nitrilase activity, whereas carbon source is responsible for biomass production (Shen et al. [@CR23]). The results also support the literature that most of the nitrilases are inducible in nature (Martínková et al. [@CR15]).

As shown in Table [4](#Tab4){ref-type="table"}, the quadratic model was found to be the best fit model using sum of square analysis which compares the ratio of mean square regression to the mean square residuals. P\<0.05 indicates that model terms are significant. In this case B,C, B^2^, C^2^ are significant model terms indicating that sodium nitrate and ϵ-caprolactam have significant effect on nitrilase production. Model F value of 11.79 for nitrilase production implies significant model and "Lack of Fit" F value of 2.83 implies insignificant Lack of Fit. The coefficient of variance (CV%) value of 7.35 indicates a very high degree of precision and good reliability of experimental data. The coefficient of determination (R^2^) should always be closer to 1.00. Higher and close to 1.0 value of R^2^ (0.91) in this model indicates that a high percentage of the variability in the response could be explained by the model. This also implies satisfactory adjustment of quadratic model to the experimental data. Adjusted R^2^ value (0.83) indicated a good agreement between the experimental and predicted values for nitrilase production. Adjusted R^2^ which is smaller than R^2^ indicates that too many terms are present in the model ratio (Haaland [@CR8]). Statistical analysis also determines the experimental factors that generate signals, large enough as compared to the noise. Adequate Precision measures the signal to noise ratio (Haaland [@CR8]) and a ratio greater than 4 is desirable. Our model has a ratio of 10.584 which indicates an adequate signal.

Based on the results obtained with "one factor at a time approach", RSM was used to build the model. The model helps to study the interactions between the variables i.e. medium components and the optimum concentration of each component. The three dimensional response surface plots were constructed by plotting the nitrilase activity on the Z axis against two independent variables with third variable being at fixed level. This allowed to understand the significance of model during interaction of the medium components and optimum concentration of each medium component for nitrilase production. Analysis of variance (ANOVA) showed that medium component B (sodium nitrate), medium component C (ϵ-caprolactam), B^2^, C^2^ are significant model terms. Figure [2](#Fig2){ref-type="fig"} shows the three dimensional response surface plots for interaction between glucose-sodium nitrate, sodium nitrate- ϵ-caprolactam and glucose-ϵ-caprolactam. Analysis of response surface plots indicated that sodium nitrate and ϵ-caprolactam slight variation in concentrations of these components from zero code value led to an increase in nitrilase activity. Based on the model, optimum medium composition was observed at 53.22 g/l glucose, 2.31 g/l sodium nitrate and 3.58 g/l ϵ-caprolactam with a predicted nitrilase activity of 59.0U/g biomass.

Verification of predicted results was accomplished by three independent experiments carried out with optimised medium components viz. 53.22 g/l glucose, 2.31 g/l sodium nitrate and 3.58 g/l ϵ-caprolactam. The results obtained as an average (58.3 U/g nitrilase activity) were in close agreement with statistically predicted value (59.0 U/g), confirming the authenticity of the model. After optimization, a 2.24 fold increase in nitrilase production was observed as compared to the initial activity of 26.0 U/g. These results indicate that the optimization of medium component through RSM favoured enhanced nitrilase production providing overall yield of \>4000 U/l culture.

In conclusion, second order quadratic model was found to fit the experimental data obtained from RSM using three key medium components glucose (carbon source), sodium nitrate (nitrogen source) and ϵ-caprolactam (inducer). It has been found that the inducer i.e. ϵ-caprolactam is the most significant variable for nitrilase production. Validation experiments of optimal conditions showed 2.24 fold increase in nitrilase production resulting in 58.3 U/g nitrilase activity in *Fusarium proliferatum* strain.
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